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Introduction

Optically active polymers with a single-handed helical
conformation,1 exhibiting interesting functions, such as liquid
crystals, enantioselective recognition, and catalysts, have drawn
considerable attention in the fields of chiral materials science.
To this end, optically active helical polymers have been prepared
by the polymerization of nonracemic monomers and by the
helix-sense selective polymerization of achiral or prochiral
monomers with chiral catalysts or initiators.1,2

In general, strong attractive or repulsive interactions, such
as intramolecular hydrogen bonds3 and steric hindrance2a-e,h

between the neighboring pendant groups, respectively, are
required for producing optically active helical polymers with a
preferred-handed helix sense. However, Veciana and coworkers
reported that helical polyisocyanides with an excess left- or
right-handed helical conformation could be formed during the
polymerization of isocyanides with a stereogenic center posi-
tioned far from the polymer backbone. This long-range effect
of chirality transfer from the side chains to the polymer
backbones was ascribed to the steric effect between the
neighboring phenyl benzoates at the pendants.4 The helicity
induction process showed odd-even effects4a-c,e,5 with respect
to the position of the chiral substituent. In addition, the helical
polyacetylenes bearing dendritic and fan-shaped pendants with
multiple (S)-3,7-dimethyloctyloxy chains were prepared by
Meijer et al.6 and Percec et al.,7 respectively, and the steric
effects on their helical conformations were extensively inves-
tigated. These helical polyacetylenes formed liquid crystalline
(LC) macrostructures in the thermotropic system.6,7

Recently, we reported an unprecedented helix-sense-con-
trolled polymerization of enantiomerically pure phenyl isocya-
nides bearing an L- or D-alanine pendant with a long n-decyl
chain.8 In sharp contrast with amino acid- or peptide-bound
helical poly(isocyanopeptide)s,1e,3a,b,d,f the polymerization with
an achiral nickel catalyst (NiCl2) diastereoselectively proceeded,
resulting in either a right- or a left-handed helical poly(phenyl
isocyanide) whose helix-sense could be controlled by the
polymerization solvent and temperature.8 An intermolecular
hydrogen bond between the pendant amide residues of the
growing chain end and the monomer during the propagation
reaction appeared to play a crucial role in the poly(phenyl
isocyanide) either kinetically or thermodynamically forming a
stable right- or left-handed helical structure. This speculation

was supported by the fact that a poly(phenyl isocyanide) having
L-lactic acid residues with the same n-decyl chain as that of the
pendants exhibited a very weak Cotton effect independent of
the polymerization conditions.9

In this study, we synthesized a series of novel optically active
phenyl isocyanides bearing mono-, di-, or tri-(S)-alkoxy chains
with stereogenic centers at a different position than that of the
pendants (1a-3a and 1b-3b), and they were polymerized with
an achiral NiCl2 or the µ-ethynediyl palladium-platinum
(Pd-Pt) complex,10 which is known to be an effective catalyst
for the living polymerization of phenyl isocyanides. The
resulting poly(phenyl isocyanide)s (poly-1a-poly-3a, poly-
1b-poly-3b, poly-3a′, and poly-3b′) (Chart 1) possess optically
active alkoxy chains, and a preferred-handed helix formation
cannot be expected through attractive interactions such as
hydrogen bonds. We then investigated the steric effects and the
position of the stereogenic center (odd-even effect) of the
pendant groups of the polymers on their chiroptical and LC
properties and helical structures by using circular dichroism
(CD) and absorption spectroscopy, polarized optical microscopic
(POM) observations, and X-ray diffraction (XRD) measure-
ments.11

Experimental Section

Instruments. NMR spectra were measured on a Varian AS500
spectrometer operating at 500 MHz for 1H and 125 MHz for 13C
or a Varian Mercury-300 spectrometer operating at 300 MHz for
1H and 75 MHz for 13C, respectively, using TMS as an internal
standard. IR spectra were recorded using a JASCO FT/IR-680
spectrophotometer. The absorption and CD spectra were obtained
in a 1.0 mm quartz cell using a JASCO V570 spectrophotometer
and a JASCO J820 spectropolarimeter, respectively. The temper-
ature was controlled with JASCO ETC-505 and CDF-426 ap-
paratuses for absorption and CD measurements, respectively. The
polymer concentration was calculated on the basis of the monomer
units and was 0.2 mg/mL. Size exclusion chromatography (SEC)
was performed using a JASCO PU-2080 liquid chromatograph
equipped with UV-visible (JASCO UV-2070) and RI (JASCO RI-
2031) detectors. Two Tosoh TSKgel Multipore HXL-M GPC
columns (30 cm) were connected in series, and THF containing
0.1 wt % tetra-n-butylammonium bromide (TBAB) was used as
the eluent at a flow rate of 1.0 mL/min. The molecular weight
calibration curve was obtained with standard polystyrenes (Tosoh).
POM observations were carried out with an E600POL polarizing
optical microscope (Nikon) equipped with a DS-5M CCD camera
(Nikon) connected with a DS-L1 control unit (Nikon). The wide-
angle X-ray diffraction (WAXD) and small-angle X-ray scattering
(SAXS) measurements were carried out using a Rigaku RINT
RAPID-R X-ray diffractometer (Rigaku, Tokyo, Japan) with a
rotating anode generator and graphite-monochromated CuKR
radiation (0.15418 nm) focused through a 0.3 mm pinhole collima-
tor, which was supplied at a 45 kV voltage and a 60 mA current,
equipped with a flat imaging plate with specimen-to-plate having
distances of 120.0 and 699.5 mm from the sample position,
respectively. The SAXS measurements were performed at 200 °C,
and the WAXD measurements were performed at 200 °C or ambient
temperature.

Materials. Anhydrous tetrahydrofuran (THF), dichloromethane
(CH2Cl2), chloroform (CHCl3), ethyl acetate, ethanol, and methanol
(water content <50 ppm) were purchased from Wako (Osaka,
Japan). Nickel(II) chloride hexahydrate (NiCl2 ·6H2O), (S)-(+)-
citronellyl bromide (purity >95%), and (S)-(+)-1-bromo-2-meth-
ylbutane (purity >99%) were obtained from Aldrich. Formic acid,
acetic anhydride, triphosgene, and triethylamine were purchased
from Wako, Tokyo Kasei (TCI, Tokyo, Japan), or Aldrich. These
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reagents were used without further purification. The µ-ethynediyl
palladium-platinum (Pd-Pt) complex10a and mono-, di-, and
trialkoxyanilines (4-6)12 were prepared as previously reported.
Polyisocyanides (poly-1-poly-3) were prepared according to
Schemes 18 and 2.10b,13

Typical Procedure for Syntheses of 7-9. After a mixture of
formic acid (1.02 mL, 27.1 mmol) and acetic anhydride (0.511 mL,
5.41 mmol) was stirred at room temperature for 1 h under Ar, 4-((S)-
3,7-dimethyloctyloxy)aniline (4a) (1.35 g, 5.41 mmol) in dry ethyl
acetate (10 mL) was added to the mixture at 0 °C. The dispersion
solution was stirred at 0 °C for 30 min and then at room temperature
for 30 min. To the solution was added ethyl acetate (50 mL), and

the mixture was filtered. The filtrate was washed with H2O (100
mL) and then dried over anhydrous MgSO4. After the solvent was
removed under reduced pressure, the crude product was purified
by SEC with CHCl3 as the eluent to produce 7a as a brown oil
(0.93 g, 62%). IR (neat, cm-1): 3278 (νN-H), 1676 (amide I), 1542
(amide II), 1245 (νC-O ether). 1H NMR (CDCl3, rt, 500 MHz, δ):
0.87 (d, J ) 7.0 Hz, CH3, 6H), 0.94 (d, J ) 7.0 Hz, CH3, 3H),
1.10-1.38 (m, CH2, 6H), 1.47-1.62 (m, CH2, 2H), 1.64-1.72 (m,
CH, 1H), 1.78-1.87 (m, CH, 1H), 3.93-4.04 (m, CH2, 2H), 6.87
(d, J ) 8.5 Hz, Hm to NH in trans, 0.7H), 6.90 (d, J ) 8.5 Hz, Hm

to NH in cis, 1.3H), 7.04 (d, J ) 8.5 Hz, Ho to NH in cis, 1.3H),
7.44 (d, J ) 8.5 Hz, Ho to NH in trans, 0.7H), 8.12 (s, HCO in cis,

Chart 1. Structures of Polyisocyanides

Scheme 1. Synthesis and Polymerization of Phenyl Isocyanides (1-3) with NiCl2 ·6H2O
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0.4H), 8.25 (s, NH in cis, 0.4H), 8.31 (s, HCO in trans, 0.6H),
8.50 (d, J ) 11.0 Hz, NH in trans, 0.6H). 13C NMR (CDCl3, rt,
125 MHz, δ): 19.87, 22.82, 22.92, 24.87, 28.19, 30.06, 36.36, 37.49,
39.45, 66.85, 115.73, 121.92, 126.56, 158.36, 163.11. 7b, 8a, 8b,
9a, and 9b were also prepared in the same way in 97, 87, 86, 84,
and 91% yield, respectively.

Spectroscopic Data of 7b. mp 40.9-41.7 °C. IR (KBr, cm-1):
3270 (νN-H), 1683 (amide I), 1512 (amide II), 1247 (νC-O ether).
1H NMR (CDCl3, rt, 300 MHz, δ): 0.91-0.97 (m, CH3, 3H),
0.99-1.02 (m, CH3, 3H), 1.17-1.34 (m, CH2, 1H), 1.48-1.63 (m,
CH2, 1H), 1.77-1.91 (m, CH, 1H), 3.66-3.82 (m, CH2, 2H),
6.81-6.90 (m, Hm to NH, 2H), 6.99-7.05 (m, Ho to NH in trans,
1H), 7.40-7.45 (m, Ho to NH in cis, 1H), 7.73 (s, HCO in cis,
0.5H), 8.29 (d, J ) 1.8 Hz, NH in cis, 0.5H), 8.44-8.54 (m, HCO
and NH in trans, 1H). 13C NMR (CDCl3, rt, 75 MHz, δ): 11.49,
16.70, 26.30, 34.89, 73.38, 73.46, 115.04, 115.69, 121.72, 122.00,
129.60, 130.00, 156.67, 157.56, 159.31, 163.51.

Spectroscopic Data of 8a. IR (neat, cm-1): 3300 (νN-H), 1676
(amide I), 1518 (amide II), 1262 (νC-O ether). 1H NMR (CDCl3,
rt, 500 MHz, δ): 0.97 (t, J ) 7.5 Hz, CH3, 3H), 1.03 (d, J ) 6.5
Hz, CH3, 3H), 1.23-1.40 (m, CH2, 14H), 1.43-1.51 (m, CH2, 2H),
1.52-1.58 (m, CH3 and CH2, 5H), 1.63-1.70 (m, CH2, 2H),
1.77-1.92 (m, CH2 and CH, 3H), 4.00 (t, J ) 6.5 Hz, CH2, 2H),
4.12-4.27 (m, CH2, 4H), 4.73-4.82 (m, CH, 1H), 6.62 (d, J )
8.5 Hz, Hm to NH, 1H), 6.79-6.88 (m, aromatic, 1H), 7.27 (s,
aromatic in cis, 0.4H), 7.31 (d, J ) 2.0 Hz, aromatic in trans, 0.6H),
7.71 (s, HCO in cis, 0.4H), 8.39 (s, NH in cis, 0.4H), 8.41 (s, HCO
in trans, 0.6H), 8.52 (d, J ) 11.0 Hz, NH in trans, 0.6H). 13C NMR
(CDCl3, rt, 125 MHz, δ): 19.89, 22.82, 22.92, 24.93, 28.20, 30.12,
36.42, 36.53, 37.58, 39.48, 67.80, 68.37, 107.17, 112.26, 112.48,
114.59, 114.88, 130.10, 130.79, 146.47, 147.51, 149.73, 150.31,
158.93, 163.09.

Spectroscopic Data of 8b. mp 56.9-58.0 °C. IR (KBr, cm-1):
3299 (νN-H), 1658 (amide I), 1520 (amide II), 1260 (νC-O ether).
1H NMR (CDCl3, rt, 300 MHz, δ): 0.91-0.98 (m, CH3, 6H),
1.00-1.05 (m, CH3, 6H), 1.19-1.36 (m, CH2, 2H), 1.51-1.66 (m,
CH2, 2H), 1.78-1.96 (m, CH, 2H), 3.70-3.85 (m, CH2, 4H),
6.59-6.63 (m, Hm to NH, 1H), 6.79-6.90 (m, aromatic, 1.5H),
7.28 (d, J ) 2.4 Hz, aromatic, 0.5H), 7.39 (s, HCO in cis, 0.5H),
8.10 (d, J ) 11.4 Hz, NH in trans, 0.5H), 8.30 (d, J ) 2.1 Hz, NH
in cis, 0.5H), 8.52 (d, J ) 11.4 Hz, NH in trans, 0.5H). 13C NMR
(CDCl3, rt, 75 MHz, δ): 11.55, 16.75, 26.36, 35.05, 35.10, 74.18,
74.36, 74.85, 74.93, 107.08, 107.29, 112.28, 112.36, 114.78, 115.03,
130.18, 130.84, 146.72, 147.75, 150.00, 150.58, 159.06, 163.32.

Spectroscopic Data of 9a. IR (neat, cm-1): 3303 (νN-H), 1694
(amide I), 1505 (amide II), 1232 (νC-O ether). 1H NMR (CDCl3,
rt, 500 MHz, δ): 0.87 (d, J ) 6.50 Hz, CH3, 18H), 0.93 (d, J ) 6.5
Hz, CH3, 9H), 1.11-1.37 (m, CH2, 18H), 1.48-1.63 (m, CH2, 6H),
1.65-1.74 (m, CH, 3H), 1.78-1.90 (m, CH, 3H), 3.89-4.03 (m,
CH2, 6H), 6.27 (s, Ho to NH in trans, 1H), 6.80 (s, Ho to NH in
cis, 1H), 7.14 (s, HCO in cis, 0.5H), 7.68-7.84 (br, HCO in trans,
0.5H), 8.32 (s, NH in cis, 0.5H), 8.58 (d, J ) 11.5 Hz, NH in
trans, 0.5H). 13C NMR (CDCl3, rt, 125 MHz, δ): 19.79, 22.82,
22.93, 24.95, 28.21, 29.93, 30.03, 36.54, 36.59, 37.56, 37.74, 39.50,
39.60, 67.69, 67.86, 72.00, 72.07, 98.97, 99.25, 107.66, 132.22,
132.67, 135.48, 136.32, 153.49, 154.12, 158.89, 162.72.

Spectroscopic Data of 9b. mp 42.6-43.4 °C. IR (KBr, cm-1):
3292 (νN-H), 1678 (amide I), 1508 (amide II), 1230 (νC-O ether).
1H NMR (CDCl3, rt, 300 MHz, δ): 0.91-0.97 (m, CH3, 9H),

1.00-1.05 (m, CH3, 9H), 1.19-1.36 (m, CH2, 3H), 1.51-1.68 (m,
CH2, 3H), 1.76-1.94 (m, CH, 3H), 3.67-3.83 (m, CH2, 6H), 6.25
(s, Ho to NH in trans, 1H), 6.78 (s, Ho to NH in cis, 1H), 7.18 (s,
HCO in cis, 0.5H), 7.88 (d, J ) 11.4 Hz, HCO in trans, 0.5H),
8.30 (d, J ) 1.8 Hz, NH in cis, 0.5H), 8.57 (d, J ) 11.4 Hz, NH
in trans, 0.5H). 13C NMR (CDCl3, rt, 75 MHz, δ): 11.55, 11.65,
16.80, 16.87, 26.33, 26.34, 26.38, 35.12, 35.97, 74.02, 74.18, 78.49,
78.56, 98.63, 98.96, 132.20, 132.64, 135.35, 136.20, 153.62, 154.26,
158.99, 162.95.

Typical Procedure for Syntheses of 1-3. Triethylamine (0.301
mL, 2.16 mmol) was added to a solution of 7a (300 mg, 1.08 mmol)
in dry CH2Cl2 (10 mL). After the reaction mixture was stirred at 0
°C for 10 min under Ar, a solution of triphosgene (176 mg, 0.594
mmol) in CH2Cl2 (5 mL) was added dropwise to the mixture by
the use of a syringe. The dispersion solution was stirred at room
temperature for 1 h; then, CH2Cl2 (50 mL) was added. After
filtration, the solution was washed with aqueous NaHCO3 (100 mL)
and dried over anhydrous MgSO4. The solvent was removed under
reduced pressure, and the crude product was purified by silica gel
chromatography with CHCl3 as the eluent to produce 1a as a yellow
oil (228 mg, 81%). IR (neat, cm-1): 2121 (νCtN), 1253 (νC-O ether).
1H NMR (CDCl3, rt, 500 MHz, δ): 0.87 (d, J ) 6.5 Hz, CH3, 6H),
0.93 (d, J ) 7.0 Hz, CH3, 3H), 1.10-1.38 (m, CH2, 6H), 1.45-1.58
(m, CH2, 2H), 1.60-1.69 (m, CH, 1H), 1.74-1.83 (m, CH, 1H),
3.91-3.99 (m, CH2, 2H), 6.82 (d, J ) 8.5 Hz, aromatic, 2H), 7.23
(d, J ) 8.5 Hz, aromatic, 2H). 13C NMR (CDCl3, rt, 125 MHz, δ):
19.84, 22.82, 22.92, 24.86, 28.18, 30.02, 36.20, 37.46, 39.44, 66.99,
115.28, 119.45, 127.92, 159.70, 162.82. Anal. Calcd for C17H25NO
(259.4): C, 78.72; H, 9.71; N, 5.40. Found: C, 78.54; H, 9.80; N,
5.18. [R] D

25 - 7.5 ( c 0.3, CHCl3). 1b, 2a, 2b, 3a, and 3b were
also prepared in the same way in 86, 76, 93, 80, and 90% yield,
respectively.

Spectroscopic Data of 1b. IR (neat, cm-1): 2122 (νCtN), 1256
(νC-O ether). 1H NMR (CDCl3, rt, 300 MHz, δ): 0.94 (t, J ) 7.5
Hz, CH3, 3H), 1.01 (d, J ) 6.6 Hz, CH3, 3H), 1.19-1.34 (m, CH2,
1H), 1.48-1.62 (m, CH2, 1H), 1.78-1.93 (m, CH, 1H), 3.69-3.83
(m, CH2, 2H), 6.82-6.87 (m, aromatic, 2H), 7.24-7.30 (m,
aromatic, 2H). 13C NMR (CDCl3, rt, 75 MHz, δ): 11.40, 16.56,
26.16, 34.72, 73.32, 115.17, 127.78, 159.76, 162.67. Anal. Calcd
for C12H15NO (189.3): C, 76.16; H, 7.99; N, 7.40. Found: C, 76.10;
H, 8.10; N, 7.24. [R]D

25 + 5.7 (c 0.1, CHCl3).
Spectroscopic Data of 2a. IR (neat, cm-1): 2121 (νCtN), 1265

(νC-O ether). 1H NMR (CDCl3, rt, 500 MHz, δ): 0.85 (d, J ) 6.5
Hz, CH3, 12H), 0.94 (d, J ) 7.0 Hz, CH3, 6H), 1.10-1.36 (m,
CH2, 12H), 1.45-1.61 (m, CH2, 4H), 1.63-1.71 (m, CH, 2H),
1.77-1.86 (m, CH, 2H), 3.93-4.02 (m, CH2, 4H), 6.76 (d, J )
8.0 Hz, aromatic, 1H), 6.82 (s, aromatic, 1H), 6.88 (d, J ) 9.0 Hz,
aromatic, 1H). 13C NMR (CDCl3, rt, 125 MHz, δ): 19.88, 22.82,
22.91, 24.92, 28.19, 30.12, 36.19, 36.22, 37.51, 39.44, 67.91, 67.98,
111.60, 113.03, 119.35, 119.51, 149.44, 150.20, 162.46. Anal. Calcd
for C27H45NO2 (415.7): C, 78.02; H, 10.91; N, 3.37. Found: C,
78.10; H, 11.05; N, 3.28. [R]D

25 - 10.2 (c 0.3, CHCl3).
Spectroscopic Data of 2b. IR (neat, cm-1): 2122 (νCtN), 1265

(νC-O ether). 1H NMR (CDCl3, rt, 300 MHz, δ): 0.92-0.98 (m,
CH3, 6H), 1.01-1.05 (m, CH3, 6H), 1.21-1.37 (m, CH2, 2H),
1.50-1.65 (m, CH2, 2H), 1.82-1.98 (m, CH, 2H), 3.71-3.86 (m,
CH2, 4H), 6.78 (d, J ) 8.7 Hz, aromatic, 1H), 6.85 (d, J ) 2.4 Hz,
aromatic, 1H), 6.91 (d, J ) 2.4 Hz, aromatic, 0.5H), 6.93 (d, J )
2.4 Hz, aromatic, 0.5H). 13C NMR (CDCl3, rt, 75 MHz, δ): 11.53,

Scheme 2. Polymerization of Phenyl Isocyanides (3a and 3b) with µ-Ethynediyl Pd-Pt Complex
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16.70, 26.30, 34.91, 34.94, 74.17, 74.22, 111.57, 113.00, 149.64,
150.45, 162.19. Anal. Calcd for C17H25NO2 (275.4): C, 74.14; H,
9.15; N, 5.09. Found: C, 74.01; H, 9.15; N, 5.02. [R]D

25 + 16.9 (c
0.1, CHCl3).

Spectroscopic Data of 3a. IR (neat, cm-1): 2121 (νCtN), 1273
(νC-O ether). 1H NMR (CDCl3, rt, 500 MHz, δ): 0.87 (d, J ) 7.0
Hz, CH3, 18H), 0.94 (d, J ) 7.0 Hz, CH3, 9H), 1.08-1.37 (m,
CH2, 18H), 1.47-1.60 (m, CH2, 6H), 1.65-1.74 (m, CH, 3H),
1.77-1.88 (m, CH, 3H), 3.90-4.01 (m, CH2, 6H), 6.54 (s, aromatic,
2H). 13C NMR (CDCl3, rt, 125 MHz, δ): 19.76, 22.82, 22.92, 24.93,
28.20, 30.01, 36.36, 36.60, 37.60, 39.46, 67.63, 67.87, 105.27,
121.73, 139.44, 153.51, 162.71. Anal. Calcd for C37H65NO3 (571.9):
C, 77.70; H, 11.46; N, 2.45. Found: C, 77.61; H, 11.69; N, 2.20.
[R]D

25 - 9.7 (c 0.3, CHCl3).
Spectroscopic Data of 3b. IR (neat, cm-1): 2123 (νCtN), 1228

(νC-O ether). 1H NMR (CDCl3, rt, 300 MHz, δ): 0.91-0.97 (m,
CH3, 9H), 1.02-1.05 (m, CH3, 9H), 1.19-1.36 (m, CH2, 3H),
1.51-1.67 (m, CH2, 3H), 1.76-1.96 (m, CH, 3H), 3.68-3.85 (m,
CH2, 6H), 6.56 (s, aromatic, 2H). 13C NMR (CDCl3, rt, 75 MHz,
δ): 11.49, 11.61, 16.73, 16.77, 26.25, 34.96, 35.95, 74.12, 78.46,
121.65, 139.33, 153.59, 162.66. Anal. Calcd for C22H35NO3 (361.5):
C, 73.09; H, 9.76; N, 3.87. Found: C, 72.84; H, 9.82; N, 3.63. [R]D

25

+ 7.4 (c 0.1, CHCl3).
Polymerization with NiCl2 ·6H2O. Polymerization was carried

out in a dry glass ampule under a dry N2 atmosphere in a way
similar to that previously reported.8,14 A typical polymerization
procedure using NiCl2 ·6H2O as the catalyst is described below.
Monomer 1a (20 mg, 0.077 mmol) was placed in a dry ampule,
which was then evacuated on a vacuum line and flushed with dry
N2. After this evacuation-flush procedure was repeated three times,
a three-way stopcock was attached to the ampule, and dry CH2Cl2

(0.77 mL) was added with a syringe. To this was added a solution
of NiCl2 ·6H2O in dry methanol (0.1 M, 7.7 µL) at room temper-
ature. The concentrations of the monomer and the Ni catalyst were
0.1 and 0.001 M, respectively. The mixture was then stirred under
a dry N2 atmosphere at room temperature. After 1 day, the resulting
polymer was precipitated in a large amount of methanol, collected
by centrifugation, and then dried in vacuo at room temperature for
2 h to produce poly-1a (9.8 mg, 49%). IR (KBr, cm-1): 1672 (νCdN),
1244 (νC-O ether). 1H NMR (CDCl3, 55 °C, 500 MHz, δ): 0.8-1.0
(broad, CH3, 9H), 1.0-2.0 (broad, CH2 and CH, 10H), 3.0-4.2
(broad, CH2, 2H), 5.5-7.7 (broad, aromatic, 4H). Anal. Calcd for
(C17H25NO)n: C, 78.72; H, 9.71; N, 5.40. Found: C, 78.44; H, 9.49;
N, 5.31. [R]D

25 + 26.5 (c 0.1, CHCl3). We note that the Ni(II)-
catalyzed polymerization in the presence of air15 produced a lower-
molecular-weight polymer, and therefore, the polymerization was
performed in the absence of air. In the same way, poly-1b, poly-
2a, poly-2b, poly-3a, and poly-3b were prepared in 62, 67, 65, 61,
and 73% yield, respectively. Parts of poly-1b, poly-2b, and poly-
3b were insoluble in common organic solvents, and CHCl3-soluble
parts were collected by extraction with CHCl3 and were used for
further spectroscopic measurements. (See Table 1.)

Spectroscopic Data of Poly-1b. IR (KBr, cm-1): 1668 (νCdN),
1245 (νC-O ether). 1H NMR (CDCl3, 55 °C, 500 MHz, δ): 0.8-1.2
(broad, CH3, 6H), 1.2-2.0 (broad, CH2 and CH, 3H), 2.8-4.0

(broad, CH2, 2H), 5.5-7.6 (broad, aromatic, 4H). Anal. Calcd for
(C12H15NO ·3/7H2O)n: C, 73.17; H, 8.11; N, 7.11. Found: C, 73.02;
H, 8.35; N, 6.90. [R]D

25 - 12.6 (c 0.1, CHCl3).
Spectroscopic Data of Poly-2a. IR (KBr, cm-1): 1634 (νCdN),

1221 (νC-O ether). 1H NMR (CDCl3, 55 °C, 500 MHz, δ): 0.8-1.0
(broad, CH3, 18H), 1.0-2.0 (broad, CH2 and CH, 20H), 2.7-4.3
(broad, CH2, 4H), 4.8-7.1 (broad, aromatic, 3H). Anal. Calcd for
(C27H45NO2)n: C, 78.02; H, 10.91; N, 3.37. Found: C, 77.95; H,
10.84; N, 3.37. [R]D

25 + 35.5 (c 0.1, CHCl3).
Spectroscopic Data of Poly-2b. IR (KBr, cm-1): 1651 (νCdN),

1222 (νC-O ether). 1H NMR (CDCl3, 55 °C, 500 MHz, δ): 0.8-1.2
(broad, CH3, 12H), 1.2-2.1 (broad, CH2 and CH, 6H), 2.8-4.1
(broad, CH2, 4H), 5.0-7.3 (broad, aromatic, 3H). Anal. Calcd for
(C17H25NO2 · 1/2H2O)n: C, 71.80; H, 9.21; N, 4.93. Found: C, 71.82;
H, 9.45; N, 4.83. [R]D

25 - 186 (c 0.1, CHCl3).
Spectroscopic Data of Poly-3a. IR (KBr, cm-1): 1645 (νCdN),

1225 (νC-O ether). 1H NMR (CDCl3, 55 °C, 500 MHz, δ): 0.8-1.0
(broad, CH3, 27H), 1.0-2.0 (broad, CH2 and CH, 30H), 2.9-4.8
(broad, CH2, 6H), 5.1-6.1 (broad, aromatic, 2H). Anal. Calcd for
(C37H65NO3)n: C, 77.70; H, 11.46; N, 2.45. Found: C, 77.59; H,
11.50; N, 2.30. [R]D

25 + 544 (c 0.1, CHCl3).
Spectroscopic Data of Poly-3b. IR (KBr, cm-1): 1651 (νCdN),

1223 (νC-O ether). 1H NMR (CDCl3, 55 °C, 500 MHz, δ): 0.8-1.1
(broad, CH3, 18H), 1.1-2.1 (broad, CH2 and CH, 9H), 2.7-4.2
(broad, CH2, 6H), 5.0-6.2 (broad, aromatic, 2H). Anal. Calcd for
(C22H35NO3)n: C, 73.09; H, 9.76; N, 3.87. Found: C, 73.02; H, 9.68;
N, 3.81. [R]D

25 - 412 (c 0.1, CHCl3).
Polymerization with Pd-Pt Complex. Polymerization with the

µ-ethynediyl Pd-Pt complex as the catalyst was carried out in dry
THF under a dry N2 atmosphere in a way similar to that previously
reported.13 A typical polymerization procedure is described below.
Monomer 3a (100 mg, 0.17 mmol) was placed in a dry ampule,
which was then evacuated on a vacuum line and flushed with dry
N2. After this evacuation-flush procedure was repeated three times,
a three-way stopcock was attached to the ampule, and dry THF
(1.01 mL) was added with a syringe. To this was added a solution
of the µ-ethynediyl Pd-Pt complex in dry THF (2.4 mM, 0.74
mL) at room temperature. The concentrations of the monomer and
the catalyst were 0.1 and 0.001 M, respectively. The mixture was
then stirred under a dry N2 atmosphere and heated to 55 °C. After
20 h, the resulting polymer was precipitated in a large amount of
methanol, collected by centrifugation, and then dried in vacuo at
room temperature overnight to produce poly-3a′ (53.6 mg, 54%).
IR (KBr, cm-1): 1644 (νCdN), 1224 (νC-O ether). 1H NMR (CDCl3,
55 °C, 500 MHz, δ): 0.85 (broad, CH3, 27H), 1.0-2.0 (broad, CH2

and CH, 30H), 3.0-4.3 (broad, CH2, 6H), 5.0-6.2 (broad, aromatic,
2H). Anal. Calcd for (C37H65NO3)n: C, 77.70; H, 11.46; N, 2.45.
Found: C, 77.69; H, 11.57; N, 2.48. [R]D

25 + 734 (c 0.1, CHCl3). In
the same way, poly-3b′ was prepared in 64% yield. A part of poly-
3b′ was insoluble in common organic solvents, and a CHCl3-soluble
part was collected by extraction with CHCl3 and used for further
spectroscopic measurements. (See Table 1.)

Spectroscopic Data of Poly-3b′. IR (KBr, cm-1): 1651 (νCdN),
1225 (νC-O ether). 1H NMR (CDCl3, 55 °C, 500 MHz, δ): 0.8-1.4
(broad, CH3, 18H), 1.4-2.1 (broad, CH2 and CH, 9H), 2.9-3.9

Table 1. Polymerization Results of 1, 2, and 3 with NiCl2 ·6H2O and µ-Ethynediyl Pd-Pt Complexa

polymer

yield (%)

monomer catalyst solvent temp
MeOH-insoluble

part
CHCl3-soluble

part Mn × 10-3b Mw/Mn
b [R]D

25c ∆εfirst
c

1a NiCl2 ·6H2O CH2Cl2 rt poly-1a 49 49 6.7 1.27 +26.5 d

1b NiCl2 ·6H2O CH2Cl2 rt poly-1b 62 38 2.6e 1.22e -12.6e d,e

2a NiCl2 ·6H2O CH2Cl2 rt poly-2a 67 67 24.0 1.73 +35.5 d

2b NiCl2 ·6H2O CH2Cl2 rt poly-2b 65 30 8.5e 1.80e -186e -4.15e

3a NiCl2 ·6H2O CH2Cl2 rt poly-3a 61 61 11.0 1.21 +544 +11.5
3b NiCl2 ·6H2O CH2Cl2 rt poly-3b 73 41 3.7e 1.20e -412e -8.77e

3a Pd-Pt f THF 55 °C poly-3a′ 54 54 10.1 1.04 +734 +12.1
3b Pd-Pt f THF 55 °C poly-3b′ 64 35 5.8e 1.04e -698e -12.3e

a Polymerized under N2; [1-3] ) 0.1 M; [1-3]/[catalyst] ) 100. b Determined by SEC (polystyrene standards) with THF containing TBAB (0.1 wt %)
as the eluent. c Measured in CHCl3 at 25 °C. d Not detected. e CHCl3-soluble part. f µ-Ethynediyl palladium-platinum complex.
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(broad, CH2, 6H), 5.3-6.4 (broad, aromatic, 2H). Anal. Calcd for
(C22H35NO3)n: C, 73.09; H, 9.76; N, 3.87. Found: C, 72.99; H, 9.88;
N, 3.86. [R]D

25 - 698 (c 0.1, CHCl3).
Molecular Modeling and Calculations. The molecular modeling

and molecular mechanics (MM) calculations were conducted with
the Compass force field,16 as contained in the MS Modeling
software (version 4.0, Accelrys, San Diego, CA) operated using a
PC running under Windows XP. The polymer models (50 repeating
monomer units) of poly-1a-poly-3a and poly-3b were constructed
using the Polymer Builder module in the MS Modeling software
with the suitable side-chain conformations. The starting main-chain
geometrical parameters, such as the bond lengths, the bond angles,
and the internal rotation angles were defined as a 15 unit/4 turn
(15/4) helix with either a right- or a left-handed helical structure
on the basis of the right- and left-handed helical structures of the
poly(phenyl isocyanide)s bearing L-alanine pendants with an n-decyl
chain determined by X-ray analysis.13 The geometric parameters
of the main chain were fixed during the following force-field
optimization. The dielectric constant was set to 1.0. The geometry
optimizations were carried out without any cutoff by the smart
minimizer in three steps. First, the starting conformations were
subject to the steepest decent optimization to eliminate the worse
steric conflicts. Second, subsequent optimization until the conver-
gence using a conjugate gradient algorithm was performed. The

fully optimized polymer models were obtained by the further energy
minimization using the Newton method with the 0.1 kcal/mol/Å
convergence criterion; the bond lengths, the bond angles, and the
internal rotation angles of the main chains were 68.4°, 108.0°, and
1.42 Å for right-handed helical poly-1a-poly-3a and -67.1°,
106.8°, and 1.46 Å for left-handed helical poly-3b, respectively
(Figure 3).13

Results and Discussion

Six new optically active phenyl isocyanide monomers
(1a-3a and 1b-3b) were prepared according to Schemes 1
and 2 without any difficulty. All monomers were purified by
column chromatography and then characterized and identified
by the use of 1H and 13C NMR spectroscopies and elemental
analyses. These monomers were then polymerized with an
achiral NiCl2 in CH2Cl2 at room temperature (Scheme 1) or
with the Pd-Pt complex10b,13 (3a and 3b) in THF at 55 °C
(Scheme 2). The polymerization reactions of 1a-3a homoge-
neously proceeded and afforded relatively high molecular weight
polymers (Mn ) 6.7 × 103 to 2.4 × 104 for poly-1a-poly-3a
and poly-3a′) in moderate yield (49-67%), whereas the
polymers partially precipitated during the polymerization of

Figure 1. CD and absorption spectra of (a) poly-2a, (b) poly-3a, (c) poly-3a′, (d) poly-2b, (e) poly-3b, and (f) poly-3b′ (0.2 mg/mL) in CHCl3 at
25 °C.

Figure 2. (A) Polarized optical micrograph of poly-3a measured at 200 °C upon heating and (B) WAXD pattern of poly-3a measured at 200 °C.
(C) SAXS profiles of poly-3a measured at 200 °C. Inset shows a SAXS pattern of poly-3a measured at 200 °C.
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1b-3b, and the molecular weights of the CHCl3-soluble
fractions of poly-1b-poly-3b and poly-3b′ were rather low (Mn

) 2.6-8.5 × 103). (See the Experimental Section and Table
1).

We first investigated the steric and odd-even effects of the
chiral pendants on the chiroptical properties of the resulting
polyisocyanides using CD spectroscopy. Poly-1a, poly-2a, and
poly-1b showed no detectable CD in CHCl3 at 25 °C. However,
poly-3a and poly-3a′ bearing tri-(S)-3,7-dimethyloctyloxyphenyl
pendants and poly-2b, poly-3b, and poly-3b′ having di- or tri-
(S)-2-methylbutoxyphenyl pendants whose stereogenic centers
are located close to the polymer backbones showed apparent

CDs with the first Cotton effects in the imino chromophore
regions of the polymer backbones at ∼400 nm (∆εfirst) (Figure
1), although poly-2b exhibited a relatively weak CD compared
with those of the polyisocyanides bearing trialkoxy pendants.
The ∆εfirst value tended to increase with an increase in the
number of alkoxy chains (poly-2 < poly-3), and the polyiso-
cyanides bearing fan-shaped, bulky trialkoxy chains (poly-3)
showed intense Cotton effects because of large steric hindrance
between the neighboring chiral chains of the pendants. The effect
of the molecular weights of the polyisocyanides on the CD intensity
may be negligibly small because the low-molecular-weight poly-
2b (Mn ) 8.5 × 103) and poly-3b (Mn ) 3.7 × 103) showed

Figure 3. Possible helical structures of (A) right-handed helical poly-1a, (B) right-handed helical poly-2a, (C) right-handed helical poly-3a, and
(D) left-handed helical poly-3b on the basis of X-ray structural analyses followed by molecular mechanics calculation. Each structure is represented
by space-filling (50-mer, left) and ball-and-stick models (8-mer, right). Four sets of helical arrays (n and n + 4) of the pendants are shown in
different colors for clarity (orange, green, yellow, and light blue).
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apparent Cotton effects, whereas the high-molecular-weight poly-
2a exhibited no CD (Mn ) 2.4 × 104) (Table 1).

The position of the stereogenic center (odd-even effect)
biased the helical sense of the polyisocyanides, thus showing
the positive (poly-3a and poly-3a′) and opposite negative (poly-
2b, poly-3b, and poly-3b′) first Cotton effects. In addition, the
fact that poly-3a exhibited a more intense Cotton effect than
that of poly-3b indicates that the steric effect rather than the
position of the stereogenic center plays an important role in
the preferred-handed helicity induction in the fan-shaped, bulky
poly-3. On the basis of the first Cotton effect sign, the former
polyisocyanides were assigned to have a right-handed helix, and
the latter were assigned to have an opposite left-handed
helix.13,17 The appearance of the CD in poly-2b suggests that
the long-range preferred-handed helicity induction in the poly-
2b main-chain induced by the chiral pendant groups with a
stereogenic center located closely to the phenyl groups is
superior to that in poly-2a.4a-c,e,18 The specific rotation ([R]D

25)
values of the polyisocyanides also support the above arguments
(Table 1); the CD-active polyisocyanides showed relatively large
specific rotations (-186 to -698° and +544 to +734°) and
the polyisocyanides with the opposite ∆εfirst value also had the
opposite specific rotation signs.

We then investigated the lyotropic liquid crystallinity of the
polyisocyanides in various solvents, but all of the polyisocya-
nides showed no lyotropic LC phase. However, variable-
temperature POM observations revealed that poly-3a showed a
thermotropic LC phase at ∼150 °C upon heating, but no further
phase transition was observed before the decomposition at 250
°C. Figure 2A shows a polarized optical micrograph of poly-
3a at 200 °C. A clear birefringence was observed, but we could
not identify the phase.6,11 In addition, this LC texture was
retained after slow cooling to room temperature. No birefrin-
gence due to thermotropic LC formations was observed for the
other polyisocyanides upon heating; the reason for this is not
presently clear.

Variable-temperature XRD measurements of poly-3a were
then performed to gain information on the mesomorphic
structure. Figure 2B,C shows the WAXD and SAXS patterns
of poly-3a measured at 200 °C, respectively. The WAXD
diagram showed sharp and broad peaks at 3.59 and ca. 18.5°,
respectively (Figure 2B), suggesting a lateral spacing of 24.6
Å due to the lateral packing of the polymer molecules and a
periodic reflection of 4.8 Å corresponding to a spacing between
the alkoxybenzene units, respectively. Similar WAXD patterns
were observed for dendronized helical polyacetylenes6,7 and
polyisocyanides.11 The SAXS pattern showed two more weak
peaks in the small-angle regions (2θ ) 1.33 and 1.58°, Figure
2C). These results revealed that poly-3a forms a highly ordered
assembled structure in which several mesogenic polymer chains
were associated in a layer, column, or lattice in the temperature
range between 150 and 250 °C.6,11,19 However, the detailed
assembled structure of poly-3a remains unclear because the two

peaks observed in the SAXS corresponding to 66.4 and 56.1 Å
could not be identified.

The WAXD measurement results of other polyisocyanides
including poly-3a are summarized in Table 2. The lateral spacing
slightly increased with the increasing number of alkoxy chains,
but the difference is not significant. The fact that all polyiso-
cyanides showed a similar reflection due to the neighboring
alkoxybenzene units (4.6 to 4.7 Å) suggests that the polymers
may possess a similar helical structure, although poly-1a, poly-
2a, and poly-1b exist as an equal mixture of the right- and left-
handed helices and thus show no CD. Figure 3A-C shows
possible helical structures of the right-handed helical poly-1a,
poly-2a, and poly-3a, respectively, and the left-handed helical
poly-3b (D) on the basis of a 15/4 helical structure of right-
and left-handed helical polyisocyanides bearing L-alanine
pendants with a long n-decyl chain determined by X-ray
structural analyses, followed by MM calculations.13 (See the
Experimental Section.) The diameters of the calculated cylindri-
cal polyisocyanides also slightly increased with an increase in
the number of alkoxy chains. The calculated diameters of the
polyisocyanides were, however, significantly larger than the
lateral spacing values observed by the WAXD measurements
(Table 2), suggesting that the aliphatic pendant groups may
overlap in an interdigitated manner.6

In summary, we synthesized a series of optically active
polyisocyanides bearing mono-, di-, or tri-(S)-alkoxy chains with
a stereogenic center at a position different from that of the
pendants and found that the steric effects and the position of
the stereogenic center played a crucial role in biasing a preferred-
handed helicity in the polymer backbones. The polyisocyanides
bearing fan-shaped, bulky trialkoxy chains efficiently biased the
helical sense of the polyisocyanides and exhibited intense Cotton
effects irrespective of the position of the stereogenic center,
whereas a clear odd-even effect was observed for the poly-
isocyanides with di- and trialkoxy chains. The thermotropic LC
formation of a helical polyisocyanide with a fan-shaped pendant
(poly-3a) may provide novel chiral LC materials. Further
elucidation of the self-assembled structure of the helical
polyisocyanide in the LC state will be the objective of future
studies.
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